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Ultraviolet photodepletion spectra of dibenzo-18-crown-6-ether complexes with alkali metal cations (M+-
DB18C6, M ) Cs, Rb, K, Na, and Li) were obtained in the gas phase using electrospray ionization quadrupole
ion-trap reflectron time-of-flight mass spectrometry. The spectra exhibited a few distinct absorption bands in
the wavenumber region of 35 450-37 800 cm-1. The lowest-energy band was tentatively assigned to be the
origin of the S0-S1 transition, and the second band to a vibronic transition arising from the “benzene breathing”
mode in conjunction with symmetric or asymmetric stretching vibration of the bonds between the metal
cation and the oxygen atoms in DB18C6. The red shifts of the origin bands were observed in the spectra as
the size of the metal cation in M+-DB18C6 increased from Li+ to Cs+. We suggested that these red shifts
arose mainly from the decrease in the binding energies of larger-sized metal cations to DB18C6 at the electronic
ground state. These size effects of the metal cations on the geometric and electronic structures, and the binding
properties of the complexes at the S0 and S1 states were further elucidated by theoretical calculations using
density functional and time-dependent density functional theories.
Introduction
Since the first discovery by Pedersen in 1967,1,2 crown ethers
have drawn much attention due to their ability to selectively
bind various cations in solution.3,4 With this unique property,
the potential applications of crown ethers have been found in
many diverse and practical areas. For example, crown ethers
have been proposed as separating agents to sequester high-level
nuclear wastes,5 as ligating agents to transport ions through
membranes,6 as phase transfer catalysts,7 or as probes to reveal
equilibrium structures and folding states of proteins.8 In addition,
crown ethers have been a model system to study the specificity
of enzymes, molecular recognition processes in host-guest
chemistry and noncovalent interactions of multidentate ligands.4
One of the most intriguing subjects for crown ethers has been
therefore to elucidate the origin of their selectivity for metal
cations. It has long been believed that the selectivity stems from
the size relationship between the metal cation and the cavity of
crown ether; the strongest binding affinity of 18-crown-6-ether
(18C6) to a potassium ion (K+) of all alkali metal cations was
explained by this size relationship.3,4 However, it was found
later that the order of the binding affinity in the gas phase is
quite different from that in solution.9-12 In the gas phase the
binding affinity is the strongest for Li+ and decreases as the
radius of the metal cation becomes larger, while that in solution
is in the order of K+ > Rb+ > Cs+ > Na+ > Li+,3 manifesting
the role of solvation in the selectivity. Therefore, they concluded
that the selectivity of crown ethers in solution is determined
not by the size-relationship but by the interplay between the
solvation energies of metal cations and their intrinsic binding
energies to crown ethers.13-15 This clearly demonstrates the
importance of studies on crown ethers in the isolated gas phase,
where there is no solvent or other species around them that could
dissemble the intrinsic properties of crown ethers through
incessant interactions with them.
The advent of the electrospray ionization (ESI) method
combined with mass spectrometry16 provides a powerful tool
to study nonvolatile and large-sized molecules in the gas phase.
This technique has also been extensively employed in studies
on crown-ether complexes with metal cations. The gas-phase
selectivity of crown ethers was investigated by measuring
relative abundances of the product ions generated by high-energy
dissociation of the crown-ether complexes with two different
alkali-metal cations.11 Intrinsic binding affinities and complex-
ation rates for alkali-metal cations were determined from the
ion-molecule reaction of crown ethers in the gas phase.9 Bond-
dissociation energies of gas-phase crown-ether complexes with
alkali-metal cations were measured from the thresholds of
collision-induced dissociation.12 Recently, Ebata and co-work-
ers17 reported the laser-induced fluorescence spectra of benzo-
18-crown-6 (B18C6), dibenzo-18-crown-6 (DB18C6), and their
hydrated complexes produced in a supersonic jet.
However, there has been no spectroscopic studies on crown-
ether complex ions performed in the gas phase as far as we
know, which have critical importance in understanding the
photophysical and -chemical properties that are necessary for
development of crown-ether based fluoroionophores18,19 or supra-
molecular photonic devices.20,21
Only a few studies on the properties of crown-ether complex
ions in an excited state have been carried out in the solution
* To whom correspondence should be addressed. E-mail:
(N.J.K.) namjkim@chungbuk.ac.kr; (J.H.) jiyoung.heo@gmail.com.
† Present address: Korea Research Institute of Standards and Science,
Daejon, Korea.
J. Phys. Chem. A 2009, 113, 8343–8350 8343
10.1021/jp903832w CCC: $40.75  2009 American Chemical Society



















































phase. It was reported that the excited-state properties of crown
ethers were drastically altered by binding of metal cations.22
The enhancement of fluorescence quantum yield was observed
for DB18C6 upon complexation with alkali metal cations in
methanol.23 The stronger fluorescence in the presence of alkali
metal cations was also reported in pyrene- and anthracene-
appended crown ether derivatives.19 Nakamura et al.24 showed
that the stability constants of crowned spirobenzopyran deriva-
tives with metal cations decreased dramatically in methanol by
visible irradiation. The selective complexation of metal cations
by DB18C6 bridging porphyrin-fullerene dyad was found to
facilitate the electron transfer or energy transfer from the
photoexcited porphyrin to fullerene by changing the bridge
conformation and electronic orbital distribution influencing
electronic coupling.21
In this paper, as a first step to understand the intrinsic
photophysical and -chemical properties of crown ethers, UV
photodepletion spectra of DB18C6 complexes with alkali metal
cations (M+-DB18C6) were obtained in the gas phase using
ESI and quadrupole ion-trap reflectron time-of-flight mass
spectrometry (QIT-reTOF). DB18C6 was chosen because it
contains benzene rings as chromophores for an UV radiation.
Moreover, with the proximity of benzene rings to the cavity of
DB18C6 UV absorption spectra could be used in monitoring
the interactions between DB18C6 and the metal cations.
The photodepletion spectra of M+-DB18C6 exhibited a few
distinct absorption bands in their lowest-energy absorption
region. The red shifts of the origin bands of the S0-S1 transition
were observed as the size of a metal cation in M+-DB18C6
increased from Li+ to Cs+. The reason for this size effect, which
turned out to be closely related with the binding energy of the
metal cation to DB18C6, was elucidated by theoretical calcula-
tions using density functional (DFT) and time-dependent density
functional theories (TD-DFT).
Experimental Section
The experimental apparatus is a quadrupole ion-trap reflectron
time-of-flight mass spectrometer (QIT-reTOFMS). The details
of the experimental setup were described elsewhere25 and only
a brief description is given here.
DB18C6, LiCl, NaCl, KCl, RbCl, and CsCl were all pur-
chased from Sigma-Aldrich and used without further purifica-
tion. Each powder sample was dissolved in methanol at a
concentration of 200 µM, and the DB18C6 solution was mixed
with each alkali metal solution to produce DB18C6 complexed
with an alkali metal cation. Then, the mixed solutions were
electrosprayed into ion droplets through a nozzle floated to +3.5
Figure 1. Mass spectra of M+-DB18C6 (M ) Cs, Rb, K, Na, and
Li).
Figure 2. Difference mass spectra of M+-DB18C6 obtained by
subtracting the ion signals without laser pulses from those with laser
pulses irradiated onto the ions in the QIT.
Figure 3. UV photodepletion spectra of (a) Cs+-, (b) Rb+-, (c) K+-,
(d) Na+-, and (e) Li+-DB18C6 in the gas phase. (f) UV absorption
spectrum of DB18C6 in methanol. The gas-phase spectra are overlapped
with the corresponding absorption spectra of M+-DB18C6 in methanol.



















































kV. The ion droplets were desolvated while passing through a
heated capillary and entered into a QIT through a skimmer.
Each of two end-caps of QIT has a hole of 3 mm diameter
for ion beams, and the ring electrode has two holes of 2.2 mm
TABLE 1: The Energies and Widths of the Peaks Observed in the Photodepletion Spectra of M+-DB18C6 (in cm-1)
lowest-energy peak second lowest-energy peak
energy width relative energy energy width gapa
Cs+-DB18C6 36173 ( 12 240 ( 10 -612 36780 ( 17 490 ( 30 607
Rb+-DB18C6 36268 ( 10 250 ( 10 -517 36910 ( 27 570 ( 80 642
K+-DB18C6 36375 ( 7 240 ( 10 -410 37083 ( 35 460 ( 50 708
Na+-DB18C6 36674 ( 37 620 ( 30 -111
Li+-DB18C6 36785 ( 12 350 ( 30 0
a The differences in energies between the lowest- and the second lowest-energy peak.
Figure 4. The most stable geometries of (a) Cs+-, (b) Rb+-, (c) K+-, (d) Na+-, and (e) Li+-DB18C6 optimized at the B3LYP/6-31+G* level. The
top views are on the left and the side views on the right.



















































diameter for laser beams. For ion storage, a radio frequency
(rf) signal of a constant frequency (1 MHz) and amplitude (+2.5
kV) was applied to the ring electrode with both end-caps
grounded. A coldfinger from a liquid nitrogen reservoir was
attached to the QIT for cooling the ions. The temperature of
QIT was measured to be at around 150 K.
After 48 ms of ion accumulation, the broadband stored
waveform inverse Fourier transform (SWIFT)26 pulses were
applied to the exit end-cap of QIT for isolation of M+-DB18C6
from other residual ions. The SWIFT was generated by an
arbitrary function generator (AFG 3022, Tektronix) using the
algorithm developed by Doroshenko and Cotter.27
After application of the SWIFT for 40 ms, the frequency-
doubled output of a dye laser pumped by the third harmonic of
an Nd:YAG laser was irradiated into the QIT for photodisso-
ciation of the isolated ions. Then, a positive DC pulse was
applied to the entrance end-cap to extract all of the ions in the
QIT out to a reflectron TOF-MS for mass analysis. The ions
were reflected by a reflectron and detected with a 40 mm dual
microchannel plate (MCP). The ion signals from the MCP were
processed by a digital storage oscilloscope.
The timings of the ion storage, extraction and detection were
synchronized by TTL pulses from a digital delay generator.
The photodepletion spectra were obtained by recording
photodepletion yields (Ipd) as a function of the laser wavelength.
The photodepletion yield was determined by
where Ion and Ioff are the ion intensities of M+-DB18C6
measured with and without irradiation of laser pulses, respec-
tively. From the measurement of the power dependence of the
laser pulse, the photodepletion of M+-DB18C6 was found to
be a single-photon process. We observed a slope of ∼1.0 in
the plot of log(Ipd) versus log(laser power). The photodepletion
spectra were calibrated against the variation of laser fluence over
the frequency.
Computational Methods
The conformational searches were performed to find initial
conformers of M+-DB18C6 within the energy of 20 kJ/mol
using a Metropolis Monte Carlo method with the AMBER*
force field in the Macromodel package (Schro¨dinger, LLC: New
York). The geometries of the initial conformers were fully
optimized by a series of theoretical calculations at the HF/3-
21G, HF/6-31G, and then B3LYP/6-31G levels. Then, the
conformers within 2 kcal/mol were further optimized at the
B3LYP/6-31+G(d) level. In all of those calculations, we used
the Los Alamos effective-core potential LANL2DZ as a basis
set for alkali metals and referred to this basis set as 6-31+G*
in the remainder of this paper. The vibrational analyses at the
same level of theory were performed to find no imaginary
vibrational frequencies for all of the lowest-energy structures.
The singlet excitation energies were calculated using TD-DFT
at the B3LYP/6-31+G* level.
All calculations were carried out using the GAUSSIAN 03
package.28
Results
Figure 1 shows the mass spectra of M+-DB18C6 (M ) Cs,
Rb, K, Na, and Li) obtained using QIT-reTOFMS with SWIFT
pulses applied to the QIT. In the mass spectra, the ion signals
of M+-DB18C6 were observed with those of the corresponding
alkali metal cations that were generated from metastable
dissociation of M+-DB18C6 in the QIT.
Figure 2 shows the difference mass spectra obtained by
subtracting the ion signals without laser pulses from those with
laser pulses irradiated onto the ions in the QIT. The negative
signals, therefore, represent the depleted-ion intensities and
the positive ones the fragment-ion intensities generated from
the subsequent photoinduced dissociation (PID). Apart from the
alkali metal cations, no other photofragment ions were detected.
This was also true with the laser pulses at other wavelengths
that M+-DB18C6 could absorb. Therefore, we concluded that
the PID of M+-DB18C6 produced only M+ as fragment ions.
Figure 3 shows the photodepletion spectra of M+-DB18C6
in the wavenumber range of 35 450-37 800 cm-1 (282-265
nm) overlapped with the UV absorption spectra of the
corresponding M+-DB18C6 in methanol. We assumed that
the excitation-energy dependence of the photodepletion yields
resulted mainly from the energy dependence of molecular
absorption coefficients.29,30 Since no other peaks were
observed below 35 450 cm-1, we tentatively assigned the
lowest-energy peak in each photodepletion spectrum as the
origin band of the S0-S1 transition. The energies and widths
of the peaks in the spectra were measured by fitting the
spectra to Gaussian functions and listed in Table 1. The origin
bands exhibited the red shifts as the size of the metal cation
bound to DB18C6 increased, which was a little ambiguous,
though, in the UV absorption spectra taken in solution,
manifesting the importance of the gas-phase studies over the
solution-phase ones.
It was also found that the origin bands in the photodepletion
spectra were all blue shifted from the lowest-energy bands in
the corresponding UV absorption spectra. These blue shifts are
typical because in most cases the solvation stabilizes the
electronic excited state more than the ground state. It is
noteworthy, however, that the amounts of the blue shift for Li+-
and Na+-DB18C6 are about two times larger than those for the
other M+-DB18C6. This indicates much larger stabilization of
the excited states for Li+- and Na+-DB18C6 by solvation, which
might indicate the significant structural difference from the other
DB18C6 in complex with a larger metal cation. This turns out
to be true in the following geometry optimization for M+-
DB18C6.
Figure 4 shows the optimized geometries of M+-DB18C6 at
the B3LYP/6-31+G* level of theory. Different from the boat-
Figure 5. Plot of the excitation energies to the S1 state of M+-DB18C6

























































shaped structures with C2V symmetry as the most stable
structures of K+-, Rb+- and Cs+-DB18C6, those of Li+- and
Na+-DB18C6 were predicted to be slightly twisted structures;
the global minimum structure of DB18C6 was predicted to be
the boat-shaped one.17 The twisted structures were also reported
as the most stable ones for Li+- and Na+-DB18C6 by Dearden
and co-workers.10 However, their structures are different from
ours. In our prediction, the most stable structures of Li+- and
Na+-DB18C6 have two benzene rings facing each other at the
angles of 50 and 99°, respectively, indicating the contribution
of the stacking interaction between two benzene rings in
stabilizing the structures, while those predicted by them have
the angles of near 180°. This discrepancy seems to result from
the difference in the theoretical methods used to find the most
stable structures; they employed the HF/LANL2DZ level of
theory instead of our B3LYP/6-31+G*. However, it was further
confirmed from the single point energy calculations using the
second-order Møller-Plesset perturbation theory with the
6-31+G* basis set that our structures were more stable than
theirs.
The reason for adopting the twisted geometries for Li+- and
Na+-DB18C6 is smaller radii of Li+ and Na+ than that of the
cavity in DB18C6.31-33 With the smaller radii of Li+ and Na+,
both metal cations draw the six oxygen atoms around the cavity
toward them, which makes the distances between the metal
cation and the oxygen atoms shorter than those in the boat-
shaped one, and the resulting steric effects among oxygen atoms
lead to the twisted geometry. For instance, the average distance
from the oxygen atoms to Na+ is 2.44 Å in the twisted structure,
while that is 2.64 Å in the local-minimum boat-shaped one.
This implies that the electrostatic interactions between the metal
cation and the oxygen atoms indeed play dominant roles in
binding of the metal cation, as was reported previously.15
With a near coincidence of the radius of K+ (1.38 Å) to the
cavity radius (1.34-1.43 Å), K+ is located at the center of the
cavity in the lowest-energy structure, where DB18C6 has a
symmetric boat-shaped structure. In the Rb+- and Cs+-DB18C6,
with larger radii of Rb+ and Cs+ than the cavity, they are placed
slightly above the center of cavity in the boat-shaped structure.
The average distance from the six oxygen atoms to the metal
cation gets longer from 2.81 Å for K+-DB18C6 to 3.24 Å for
Cs+-DB18C6. In addition, the angle between the two benzene
rings increases from 127 to 134° with the radius of the metal
cation increasing from K+ to Cs+.
The excitation energies to the S1 state of M+-DB18C6 were
calculated by TD-DFT at the optimized geometries and plotted
in Figure 5. The red shifts of the origin bands from Li+- to
Cs+-DB18C6 observed in the photodepletion spectra were
reproduced well in the calculations. The weaker oscillator
strengths of Cs+- and Rb+-DB18C6 than those of other M+-
DB18C6 in the plot, however, are likely to result from the failure
of TD-DFT in estimating the oscillator strengths correctly,
because the absorption intensities of the origin bands for Cs+-
and Rb+-DB18C6 are observed to be comparable with those of
other complex ions. Even though TD-DFT is quite reliable for
predicting the excitation energies to low-lying electronic states,
it was reported that the corresponding oscillator strengths might
be less accurate and even erroneous, especially for open-shell
or charged systems.34-36 The pictorial representations for highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of K+-DB18C6 are also shown in
Figure 6. Those for the other complex ions are in the Supporting
Information. It was predicted that the excitation to the S1 state
of M+-DB18C6 arose mainly from the π-π* transition of
benzene moieties.
Figure 6. Pictorial representations of HOMO and LUMO of K+-DB18C6.
Figure 7. Schematic diagram of the potential energy curves of M+-
DB18C6 illustrating the symbols used in the eq 2.
TABLE 2: The Binding Energies of Alkali Metal Cations to
DB18C6 at the S0 and S1 States (in eV)
S1a BE(S0)b BE(S1)c relative ratiod differencee
Cs+-DB18C6 4.48 1.41 1.34 95.0% 0.07
Rb+-DB18C6 4.50 1.60 1.51 94.4% 0.09
K+-DB18C6 4.51 2.29 2.19 95.6% 0.10
Na+-DB18C6 4.55 3.10 2.96 95.5% 0.14
Li+-DB18C6 4.56
DB18C6 4.41f
a Experimental excitation energies to the origin band of the S0-S1
transition. b Experimental binding energies of the metal cations to
DB18C6 at the S0 state (ref 10). c Binding energies of the metal
cations to DB18C6 at the S1 state estimated in this study. d Percent
ratios of the binding energy at the S1 state relative to that at the S0
state. e Differences in the binding energies between the S0 and S1
states in eV. f Reference 17.




















































The most interesting feature in the photodepletion spectra of
M+-DB18C6 is that the origin band is red shifted as the radius
of the metal cation increases from Li+ to Cs+.
Noting that the most red-shifted origin band of Cs+-DB18C6
is still bluer than that of bare DB18C6,17 we can conclude that
the electronic ground state of DB18C6 is more stabilized than
its electronic excited state upon binding any alkali metal cation
and that the difference in the stabilization energies between the
ground and excited states determines the amount of the blue
shift. The largest blue shift from the origin of DB18C6 is thus
observed for Li+-DB18C6 and the least for Cs+-DB18C6; this
appears as the red shifts of origin bands from Li+- to Cs+-
DB18C6 in the photodepletion spectra. The stabilization energy
is equal to the binding energy of the metal cation to DB18C6.
Therefore, we conclude that the difference in the binding
energies between the ground and the excited state is the largest
for Li+-DB18C6 and the smallest for Cs+-DB18C6.
The binding energies at the ground state were reported to
decrease as the radius of the metal cation increased from Li+
to Cs+.10,12 The binding energies at the excited state could be
estimated by
where BE(S1) and BE(S0) are the binding energies of the metal
cation at the S1 and S0 states, respectively, and ∆EDB18C6 and
∆EM+-DB18C6 are the excitation energies to the origin bands of
DB18C6 and M+-DB18C6, respectively (Figure 7). The
BE(S1)’s for M+-DB18C6 were listed in Table 2; the value for
Li+-DB18C6 was absent because the experimental binding
energy of Li+ at the S0 was not available.
The BE(S1)’s amount to 94.4-95.6% of the corresponding
BE(S0)’s. These smaller binding energies at the excited state
can be explained by the reduction in the contribution of the
atomic orbitals of four oxygen atoms near the benzene moieties
to the density of electron in a given molecular orbital (MO)
upon excitation from HOMO to LUMO (Figure 6). Metal
cations are bound in the cavity of DB18C6 via interactions with
six oxygen atoms acting as electron donors. In particular, the
four of them near the benzene moieties have larger contribution
to the electron density of HOMO and will play more dominant
roles in binding to the metal cation than the other oxygen atoms.
Therefore, the decrease in their contribution to the electron
density of LUMO may lead to the weaker binding at the S1
state.
Moreover, the relative ratios of the binding energies for the
S1 to the S0 state are nearly the same for all M+-DB18C6. This
can be also understood from the variation in the contribution
of 2p orbitals of the six oxygen atoms to the electron density
of an overall MO from HOMO to LUMO. The electrons in 2p
orbitals of the oxygen atoms, especially the nonbonding
electrons, are expected to play major roles as electron donors
in the electrostatic interactions with the metal cation in M+-
DB18C6. It was predicted that the contribution of the 2p orbitals,
which was calculated from the squares of MO coefficients for
the 2px, 2py and 2pz orbitals of six oxygen atoms in M+-DB18C6
divided by the sum of those for all atomic orbitals in the MO,37
was reduced by almost the same amount for all M+-DB18C6
upon excitation from HOMO to LUMO (Table 3).
It is also found that the difference between the BE(S1) and
BE(S0) decreases with the size of the metal cation increasing
from Na+ to Cs+, resulting in the red shifts of origin bands
from Na+- to Cs+-DB18C6. Considering that the relative ratios
of the BE(S1) to BE(S0) are about the same for all M+-DB18C6,
which may imply that the characteristics of the binding in the
S1 state is largely determined by that in the S0 state, we suggest
that the smaller difference between the BE(S1) and BE(S0) for
a larger metal cation is due to its smaller binding energy to
DB18C6 at the S0.
This can be speculated as follows. The difference in the
excitation energies to the origin bands between M+-DB18C6
and DB18C6 can be formulated from the eq 2 by
where R is the reduction ratio of the binding energy upon
excitation from the S0 to the S1 state. With almost the same
values of R for all M+-DB18C6, the difference in the energies
of the origin bands is determined by BE(S0). The reliability of
the above equation is tested by the linearity of the plot in Figure
8, where the difference, ∆EM+-DB18C6 - ∆EDB18C6, is plotted
against the binding energy of the metal cation at the S0.
Another interesting feature observed in Figure 3 is that the
widths of origin bands of Li+- and Na+-DB18C6 are about 1.4
and 2.6 times broader, respectively, than those of K+-, Rb+-,
TABLE 3: The Contribution of 2p Orbitals of the Six Oxygen Atoms in M+-DB18C6 to the Density of Electron in HOMO and
LUMO
Li+-DB18C6 Na+-DB18C6 K+-DB18C6 Rb+-DB18C6 Cs+-DB18C6
HOMO 6.37 × 10-2 6.41 × 10-2 1.17 × 10-1 1.36 × 10-1 1.24 × 10-1
LUMO 3.81 × 10-5 2.35 × 10-4 4.24 × 10-4 6.00 × 10-4 5.33 × 10-4
reduction ratio
(LUMO/HOMO)
5.98 × 10-4 3.67 × 10-3 3.62 × 10-3 4.41 × 10-3 4.30 × 10-3
Figure 8. Plot of the relative shift, ∆EM+-DB18C6 - ∆EDB18C6, versus
the binding energy of the metal cation to DB18C6 at the electronic
ground state. ∆EM+-DB18C6 and ∆EDB18C6 are the excitation energies to
the origin bands of the S0-S1 transition of M+-DB18C6 and DB18C6,
respectively.
BE(S1) ) BE(S0) + ∆EDB18C6 - ∆EM+-DB18C6 (2)
∆EM+-DB18C6 - ∆EDB18C6 ) BE(S0) - BE(S1) )
BE(S0) × (1 - R) (3)



















































and Cs+-DB18C6. This spectral broadening may be caused by
lifetime broadening or thermal broadening or conformational
inhomogeneity. As for the lifetime broadening, the broader band
widths may arise from a shorter excited-state lifetime of Li+-
or Na+-DB18C6 than those of the other M+-DB18C6. However,
this is the least plausible because the fluorescence lifetimes of
M+-DB18C6 measured in methanol were all in the range of
2.8-3.8 ns.23
The possibility of thermal broadening as the cause for broader
origin bands of Li+- and Na+-DB18C6 is also rather low due
to the following reasons: First, all M+-DB18C6 have nearly the
same internal temperatures under our experimental conditions.
Second, all M+-DB18C6 have almost the same low-frequency
vibrational modes at similar energies, which may be excited
with the thermal energy at 150 K and contribute to the spectral
broadening as hot bands.
Therefore, we suggest that the conformational inhomoge-
neity is more likely to cause the broader origin bands for
Li+- and Na+-DB18C6. This is supported by the number of
possible conformers found by the AMBER* conformational
search within the energy of 20 kJ/mol. The numbers for Li+-
and Na+-DB18C6 are 64 and 64, while those for K+-, Rb+-,
and Cs+-DB18C6 are 5, 8, and 5, respectively. Following
the sequential geometric optimizations at the HF/3-21G, HF/
6-31G, B3LYP/6-31G, and B3LYP/6-31+G* levels, the
numbers of conformers within 2 kcal/mol reduce to 4, 4, 1,
2, and 2 for Li+-, Na+-, K+-, Rb+-, and Cs+-DB18C6,
respectively. Thus, the superposition of the origin bands from
a little larger number of different conformers could result in
the broader band widths for Li+- and Na+-DB18C6 than those
for the other M+-DB18C6.
The second lowest-energy bands, which were clearly shown
in the spectra of K+-, Rb+- and Cs+-DB18C6, were tentatively
assigned to be a vibronic band arising from a combination of
vibrations, the “benzene breathing” vibration and the symmetric
or asymmetric stretching vibration of bonds between the metal
cation and the four oxygen atoms neighboring the benzene
moieties. We assumed that the second bands in the three
complex ions result from the same vibrational mode, because
of the similarities in their geometric and electronic structures,
and also in the spectral aspects observed in the solution and
gas-phase spectra (Figure 3).
The assignment was done by considering the following: First,
the energy differences between the origin and the second lowest-
energy band are 708, 642, and 607 cm-1 for K+-, Rb+-, and
Cs+-DB18C6, respectively. Second, since the main feature of
the S1 state of M+-DB18C6 arises from the benzene rings and
the neighboring four oxygen atoms (Figure 6), the vibrational
modes coupled to the electronic transition are likely to be mainly
constituted by benzene-ring vibrations, along with additional
vibrations involving the four oxygen atoms.
Conclusion
UV photodepletion spectra of M+-DB18C6 (M ) Cs, Rb,
K, Na, and Li) were obtained in the gas phase using
electrospray ionization and quadrupole ion trap reflectron
time-of-flight mass spectrometry. The red shifts of the origin
bands were observed as the radius of the metal cation in the
complex ion increased from Li+ to Cs+. We suggested that
the red shifts arise mainly from the differences in the binding
energies of the metal cations to DB18C6 at the S0 state, which
decrease as the radius of the metal cation increases. The
binding energies at the S1 state were also estimated from the
gas-phase binding energies at the S0 state and the experi-
mental transition energies to the origin bands of the S1 state.
It was found that the binding energies at the S1 state decreased
to 94.4-95.6% of those at the S0 state, regardless of the
identity of the metal cation bound to DB18C6. This was
ascribed to the fact that the contribution of 2p orbitals of
the six oxygen atoms to the electron density of an overall
MO is reduced by almost the same amount for all M+-
DB18C6 upon excitation from HOMO to LUMO. The origin-
band widths of K+-, Rb+-, and Cs+-DB18C6 were observed
to be narrower than those of Li+- and Na+-DB18C6, which
was attributed to the decrease in the number of possible
conformers of DB18C6 by complexing with K+, Rb+, and
Cs+.
This study manifests the versatility of the gas-phase spec-
troscopy of M+-DB18C6 over the solution-phase one as a tool
of confirming the formation of DB18C6 complex ions with
metal cations, identifying the metal cations bound to DB18C6,
and even estimating their relative binding energies.
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